(5)] -N-E-E-K-P-K-N(V,E,H,G,S,H)(V-H-T-Y)
ThlO Thul Kirkman and Gaetani (1) have recently shown that tetrameric human and beef catalase (hydrogen-peroxide:hydrogenperoxide oxidoreductase, EC 1.11.1.6) binds four molecules of NADPH with a dissociation constant less than 1 x 10-8 M. While they make some suggestions as to the function of the bound dinucleotide, there is yet no true understanding of its physiological significance. Although the NADP can be removed only by a series of partially denaturing agents, it does not seem to be involved in the catalatic or peroxidatic activity.
BLC (x-ray) -N not visible H-V-H-T-Y-A BEC [Schroeder et al. (5)] -N-E-E-K-P-K-N(V-E-H-G-S-H)(V-H-T-Y,
The crystal structure of beef liver catalase (BLC) has been determined (2, 3) and more recently refined (unpublished results). The crystal structure of the fungal (Penicillium vitale) catalase (PVC) has also been determined (ref. 4 ; unpublished results) and was seen to be very similar to BLC apart from an additional carboxyl-terminal domain that has a flavodoxin-like structure. The "hinge" polypeptide, between the common catalase structure and the flavodoxin domain, binds into an external cleft of the molecule.
A significant volume of uninterpreted density occurred in the refined BLC electron density map at the equivalent position occupied by the hinge in PVC. This had tentatively been interpreted in terms of a carboxyl-terminal extension of BLC, consistent with the occasional occurrence of peptides in the digested protein (5) . These peptides were homologous to a carboxyl-terminal extension of beef erythrocyte catalase (Table 1) . However, when it was suggested (1) that NADP is bound to catalase, then the interpretation of the extra density as NADP was immediately obvious (Fig. 1) . Its approximate position on the enzyme surface, corresponding to the hinge region leading to the flavodoxin domain of PVC, is shown in Fig. 2 . The model of NADP was subsequently refined with respect to the observed structure amplitudes, giving an overall final R factor of 19.1% for 33,255 reflections extending to 2.5-A resolution. The coordinates of the NADP prosthetic group are given in Table 2 and are also deposited with the Brookhaven Protein Data Bank.
Conformation of NADP when bound to catalase
It has been proposed (6, 7), on the basis of NMR studies, that at neutral pH and room temperature, NAD+ exists in equilibrium between two folded forms and an extended form (Fig. 3) . The folded forms make either left-or right-handed helices and are considered to be of lower energy than the extended form. Nevertheless, the structures of NAD [lactate dehydrogenase (9, 10) , alcohol dehydrogenase (11, 12) , malate dehydrogenase (13) , glyceraldehyde-3-phosphate dehydrogenase (14, 15) , L-3-hydroxyacyl-coenzyme A dehydrogenase (16) , phosphorylase ( (18) produces the paradoxical result that the base separation is merely 8.5 A, although the enzyme is homologous to liver alcohol dehydrogenase.
Free NAD+ has been crystallized as a lithium salt (28) and as a free acid (29) . The conformation of the dinucleotide in these two crystal structures differs greatly from the common conformation found when bound to enzymes. Indeed, the free acid NAD+ structure is partially folded, with the minimum distance between bases of only 9.6 A.
When dinucleotides are bound to enzymes, they are alAbbreviations: BLC, beef liver catalase; PVC, Penicillium vitale catalase; DHFR, dihydrofolate reductase.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (Table 1) . Nevertheless, the fit to NADP is excellent and far superior to the erroneous peptide assumption. most invariably associated with an a/P structure (a "nucleoment exerted by the a-helices on the negatively charged tide-binding" fold). The cofactor is then bound to the carphosphates (30) . The structure itself may be the result of diboxyl end of strands in a parallel p-pleated sheet and to the vergent evolution from a primordial mononucleotide-binding amino end of parallel a-helices. The structural significance fold (31, 32) or convergent evolution to a stable supersecondof this fold is probably due to the electrostatic dipole moary structure (33) . The only exception is that of 6-phospho- Coordinates are given with respect to the P, Q. R molecular diad axes (3) for the "standard" subunit. In the designations of the atoms, an A as the last character refers to adenine; an N. nicotinamide. gluconate dehydrogenase, which is predominantly an a structure, with the possibly extended NADP coenzyme apparently binding in the proximity of the carboxyl end of helices VIb and XII (23) .
NADP bound tp catalase is not extended but rather is folded into a right-handed helix, although the bases are approximately perpendicular rather than parallel (Fig. 1) . The, nicotinamide ring is roughly parallel to the adenine ribose, with a closest approach of 3.6 A. The binding site on the protein is toward the carboxyL ends of helices aS and cd10 (Fig. 2) . The bases are close to these two helices, while the phosphates are furthest away from them.
The conformational angles [cf. ref. 9 for their definition; in addition, the dihedral angle O' relates to the C2'(a)-02'(a) bond giving the position of the 02' bound phosphate] of the coenzyme are shown in Table 3 , where they are compared with the well-refined extended NADP structure found in Lactobqcillus casei dihydrofolate reductase (DHFR) (19) as well as with the tentative, low-resolution, structure of NADP in 6-phosphogluconate dehydrogenase (24) . The adenosine nucleoside structures of NADP bound to BLC and to DHFR are very similar, with the 02' phosphate positioned in the sterically favored trans orientation relative to the ribose ring. The puckering of the adenosine ribose ring in BLC-NADP is not clear since the C1'-C2'--C3'-C4' dibedral angle q, is only 5°. The nicotinamide mononucleoside structures in NADP of BLC and DHFR are also similar except that BLC-NADP is syn at the glycosidic bond, whereas the DHFRNADP structure is anti. The puckering of the nicotinamide ribose ring in DHFRNADP is given by q, = -36°( C2' endo). The major differences in these two NADP structures are the conformational angles of the pyrophosphate groups, producing a folded conformation in one case and extended in the other. Thus viewing down the Pa-Pn line shows the 5' oxygens nearly cis to each other in BLCNADP and nearly trans in DHFR*NADP. The orientation of the carboxyamide group, while clearly planar with the nicotinamide ring, can be determined only tentatively by consideration of the hydrogen bonding environment. For BLC*NADP, the N7 position has been assigned trans tp N4 of the nicotinamide. The orientation of this group in small molecule structures is trans for the NAD Li salt (28) and cis in the NAD free acid (29) and in a structure of nicotinamide (35) . Proc. NaM Acad Sci. USA 82 (1985) 
Environment of NADP in BLC
A stereo view of the interacting residues and water molecules is shown irn Fig. 4 and described in Table 4 . The adenine moiety binds to a hydrophobic surface, as is usual in other NAD and NADP binding proteins. The 02' phosphate interacts with Arg-202, Asp-212, and Lys-236. Indeed, it had been noted by Murthy et al. (3) that Lys-236 had no apparent charge balance. This situation has now been resolved by the interpretation of the extra density as NADP. The pyrophosphate group interacts with His-304, which also interacts with the C4 position of the nicotinamide and the "substrate" water W7. There is extensive electron density between the adenine phosphate and His-304. This might represent a strong interaction (the distance between the phosphate oxygen and the imidazole nitrogen is 2.5 A) and relate to the dissociation constant of less than 10-8 M (1). In contrast, the pyrophosphate moiety of many NAD-dependent dehydrogenases interacts with arginine residues (cf. ref. 14) . Both OH groups of the nicotinamide ribose form hydrogen bonds with the protein. The orientation of the nicotinamide is fixed primarily by hydrogen bonding interactions with the carboxyamide group.
The interaction of Lys-236 and Arg-202 with the 02' phosphate of NADP explains why NADP binds better than NAD (1) and why the uncharged reduced cofactors bind better than the charged oxidized cofactors. The position of the dinucleotide in the cleft occupied by the hinge region in PVC also suggests why NADP does not bind as well to human erythrocyte catalase as to BLC. The former has a carboxylterminal extension ( Table 1) (1) or in the electron density map of PVC. Indeed, the BLCNADP site is occupied by the hinge polypeptide in PVC ( Table 1 ). The presence of the additional flavodoxinlike (a//3 structure) domain in PVC might suggest that its function is similar to the NADP-binding function in BLC. Yet the position of the presumed FMN in PVC would be different from that of the NADP site observed in BLC (unpublished results). Furthermore, the a/,B structures would select an extended FMN formation rather than the folded NADP structure found on BLC.
Conclusions
The site and conformation of NADP bound to BLC have been clearly established. Its relative closeness to the heme pocket suggests a relationship to the catalase activity, although no obvious function can be suggested. The folded conformation of the NADP is quite unlike the extended conformations found in numerous other structures. Its site closer to the carboxyl end of a-helices (with the phosphates furthest from the helix ends) is the converse to the well-characterized situation in many dehydrogenases or reductases. The position of a water molecule near the C4 carbon atom of the nicotinamide and its relationship to His-304 suggest a redox function.
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